Introduction
============

Chemotherapy has been widely used for cancer treatment. Despite the major benefits, patients receiving chemotherapeutic treatment usually experience side effects. The dose of drug required to achieve clinically effective cytotoxicity in tumors often causes severe damage to actively propagating nonmalignant cells. To overcome these problems, various drug delivery strategies with lower systemic toxicity and better drug cell internalization than free drug have been proposed [@B1]-[@B7]. However, it is not easy to achieve the spatial and temporal control of local drug release in many clinical applications. The light-triggered drug release has attracted intensive research interests since it may allow for precise, on-demand drug delivery within individual cells in vitro or, may enable precise treatment of cancer in vivo [@B8], [@B9].

Photothermal therapy (PTT) employing photothermal agent and near infrared (NIR) laser for thermal ablation of tumor provides a minimally invasive methodology for cancer treatment [@B10]-[@B15]. Yet, PTT alone is challenged to completely eradicate tumor because of the insufficient tumor-target specificity of PTT agents and the suboptimal laser energy in deep tissue due to light scattering and absorption [@B9]. Co-administration of multiple therapeutic modalities has been an increasingly important strategy in medicine. For example, tumor-selective thermochemotherapy through exogenous laser irradiation is becoming increasingly attractive for its remarkable spatial/temporal resolution since hyperthermia increases cellular metabolism and membrane permeability for enhanced drug uptake [@B16]-[@B20]. However, simple co-injection/ingestion of multiple drugs, such as photothermal agent and chemical drugs, fails to normalize their pharmacokinetic and pharmacodynamics properties and hardly allow them to reach the same target for combinatory effects. Nevertheless, it is an obvious, significant, and unique advantage to integrate photothermal agents and anti-cancer drugs through a single nanoplatform with rationally designed doses, prolonged circulation, selective/targeted accumulation and stimuli-responsive drug release/activation [@B21]-[@B25]. In that case, PTT and chemotherapy could be simultaneously applied to cancerous tumor to exert their synergistic effect, offering both rapid tumor ablation and long-term tumor resistance, leading to significantly improved therapeutic efficacy.

To date, a variety of photothermal agents such as carbon and metal-based nanomaterials have been successfully explored [@B26]-[@B34]. However, most of the reported photothermal agents are far from clinical application due to their unpredictable metabolic pathways and potential long-term toxicity in vivo [@B35], [@B36]. Prussian blue (PB) is a clinical drug approved by U.S. Food and Drug Administration (FDA) for treating the radioactive exposure of thallium and cesium [@B37]. Recently, PB has been explored as a new generation of photothermal agent for ablation of cancerous tumor due to the strong absorption and excellent photothermal conversion efficiency in the NIR region in our group [@B38]-[@B40]. PB nanoparticles take more advantages for PPT treatment due to its low cost, outstanding photothermal stability and, most importantly, the FDA approved security for clinical applications. Especially, hollow PB nanoparticles are of interest due to their potential for encapsulation of large quantities of guest molecules or large-sized guests within their empty core domain[@B41], [@B42].

This paper describe the development of a multifunctional nanoagent by integrating different components including hollow PB nanoparticle as photothermal agent and drug carrier, 10-hydroxycamptothecin (HCPT) as chemotherapeutic agent, and hyaluronic acid grafting polyethylene glycol (HA-g-PEG) as capping agent for prolonged blood circulation time and CD44 receptor mediated tumor targeting into one single agent. HCPT is a natural pentacyclicindole alkaloid which was extracted from a Chinese tree, *Camptothecaacuminata*Decne and showed good activities against gastric carcinoma, hepatoma, leukemia and tumor of head and neck[@B43]. HA is a specific ligand that binds CD44 receptor, a transmembrane glycoprotein overexpressed in a variety of cancer cells [@B44], [@B45]. Inspired by this finding, HA has been widely investigated and successfully utilized as an efficient cancer targeting moiety for tumor-targeted diagnostic and therapeutic applications [@B46]-[@B49]. The physicochemical properties of the nanoagent including morphology, size distribution, photothermal capability, drug loading efficiency and drug release behavior were characterized. The in vitro and in vivo tumor targeting and anticancer activities were evaluated using human cervical cell line (Hela cells) and Hela tumor bearing mice.

Materials and methods
=====================

Chemicals
---------

K~3~\[Fe(CN)~6~\] and poly(vinylpyrrolidone) (PVP, K30) were obtained from Sinopharm Chemical Reagent Co., Ltd. Poly (allylamine hydrochloride) (PAH, MW=56k), IRDye® 800CW NHS Ester was purchased from LI-COR Biosciences. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS) and Poly(acrylic acid) (PAA, MW=18k), 3,8-Diamino-5-\[3-(diethylmethylammonio)propyl\]-6-pheny-lphenanthridinium diiodide (PI), 3,6-Di(O-acetyl)- 4,5-bis\[N,N-bis(carboxymethyl)-aminomethyl\]fluorescein, tetraacetoxy-methyl ester (Calcein-AM) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich. Hyaluronic acid (HA, MW=32k) was obtained from Zhenjiang Dong Yuan Biotechnology Corporation (zhenjiang, China). Carboxyl-terminated methoxypoly (ethyleneglycol) (mPEG-COOH, MW=35k) was obtained from Kaizheng Biotechnology Corporation (beijing, China). 10-hydroxycamptothecin (HCPT) was obtained from Harbin Foran High-Tech Development Ltd. (Harbin, Heilongjiang, China). All other chemicals and reagents were of analytical grade. All the aqueous solutions were prepared with deionized water (18.2 MΩ cm) from a Milli-Q purification system.

Fabrication of hollow Prussian blue nanoparticles (HPBNs)
---------------------------------------------------------

PVP coated hollow Prussian blue nanoparticles (HPBNs) were fabricated according to the reported procedure with some modifications [@B50]. Firstly, 3 g of PVP and 110 mg of K~3~ \[Fe(CN)~6~\] were dissolved into 40 mL of HCl solution (0.01M) under magnetic stirring. The clear solution was then placed into a reaction kettle and heated at 80 ^o^C for 24 h. Afterwards, PVP coated solid PB nanoparticles were obtained by centrifugation and washed with DI water and ethanol three times. Then, solid PB nanoparticles (20 mg) and PVP (100 mg) were dissolved in 20 mL of HCl solution (1.0 M) under magnetic stirring. After stirring for 2 h, the solution was transferred into a reaction kettle and heated at 140 ^o^C for 4 h. After acid etching, PVP coated hollow PB nanoparticles were obtained by centrifugation and washed with DI water and ethanol three times.

Synthesis of hyaluronic acid grafting polyethylene glycol (HA-g-PEG)
--------------------------------------------------------------------

Briefly, 500mg of mPEG-NH~2~ and 1g of HA were dissolved in 20 mL of N, N-dimethylformamide (DMF), followed by adding 100mg of EDC and 50mg of NHS. The reaction was allowed overnight at room temperature under the protection of nitrogen. Then, the resulting solution was concentrated under reduced pressure and dialyzed in DI water using dialysis bag (molecular weight cut-off 12,000-14,000). Finally, the HA-g-PEG was obtained after lyophilization using a freeze dryer (TFD5505, Ilshin Lab, Korea). Chemical structure was analyzed by ^1^H-NMR spectroscopy (**Figure [S1](#SM1){ref-type="supplementary-material"}**).

Synthesis of the HA-g-PEG and PEG modified HPBNs
------------------------------------------------

In this step, both HA-g-PEG modified HPBNs and PEG modified HPBNs were fabricated according to the reported method with some modifications [@B40]. For fabricating HA-g-PEG modified HPBNs, 5 mL (2 mg/mL) of HPBNs was dropwise added into 10 mL PAA solution (3 mg/mL) slowly under ultrasonication. After further stirring for 3 h, a HPBNs\@PAA solution was obtained after the removal of excess PAA molecules using filters (100 kDa MWCO, Millipore). Then, the obtained HPBNs/PAA solution was added dropwise into 20 mL PAH solution (3 mg/mL) under ultrasonication and then stirred for further 4 h. After the removal of excess PAH molecules using filters, the pH value of the solution was adjusted to be 7.4. Then, 1mL EDC solution (2 mg/mL) was dropwise added within 1h under vigorous stirring. The reaction was allowed overnight to induce chemical crosslinking between the carboxyl groups of PAA and the amino groups of PAH on the surface of HPBNs, and the resulted HPBNs\@PAA/PAH were purified through filters. Finally, the obtained HPBNs\@PAA/PAH solution was mixed 10 mL of HA-g-PEG solution (2 mg/mL in phosphate buffer) under sonication, followed by slowly adding 1 mg EDC into the mixture. Allowed for reaction overnight at room temperature, HPBNs\@PAA/PAH/HA-g-PEG was obtained after the removal of excess HA-g-PEG molecules using filters (100 kDa, MWCO). For fabricating PEG modified NPBNs, the above mentioned HPBNs\@PAA/PAH solution was mixed 10 mL of mPEG-COOH solution (2 mg/mL in phosphate buffer) under sonication, followed by slowly adding 1 mg EDC into the mixture. The reaction was allowed overnight at room temperature, then HPBNs\@PAA/PAH/PEG was obtained after the removal of excess mPEG-COOH molecules using filters (100 kDa, MWCO).

Characterization
----------------

The structure of the nanoparticles at different fabrication stages was imaged using transmission electron microscope (TEM). The size distributions and zeta potentials were evaluated by a 90Plus/BI-MAS instrument (Brookhaven Instruments Co., U.S.A). The UV/Vis/NIR absorption spectra were measured by a Varian 4000 UV-Vis spectrophotometer. The content of PB was evaluated using inductively coupled plasma optical emission spectrometry (ICP-OES).

Drug loading and release
------------------------

For loading HCPT into HPBNs\@PAA/PAH/HA-g-PEG, 10 mg of HCPT and 50 mg of HPBNs\@PAA/PAH/HA-g-PEG were dispersed in 1 mL of dimethyl sulfoxide (DMSO). After magnetic stir of the dispersion at room temperature for 24 h, the HCPT loaded HPBNs\@PAA/PAH/HA-g-PEG NPs (HCPT\@HPBNs\@PAA/PAH/HA-g-PEG) were obtained by centrifugation and washed with phosphate buffered saline (PBS) (10 mM, pH 7.4) three times. The loading content of HCPT was determined using a fluorescence spectrophotometer (Varian Cary Eclipse).

To investigate the HCPT release pattern under the physiological condition, 2 mg of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG was suspended in 2 mL of PBS solution, sealed in dialysis bag and immersed in 20 mL of PBS solution. The amount of released HCPT was monitored at regular time intervals. The NIR-triggered release behavior of HCPT from HCPT\@HPBNs\@PAA/PAH/HA-g-PEG was investigated by treating 3 mL PBS solution of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG with three cycles of laser on/off using a 808 nm NIR laser at an output power at 1.5 W (10 min for laser on, 50 min for laser off).

Photothermal potential of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG
-------------------------------------------------------

The photothermal effect was investigated by irradiating HCPT\@HPBNs\@PAA/PAH/HA-g-PEG solutions at different concentrations with a continuous-wave diode NIR laser (808 ± 10 nm, 1.5 W) for 10 min. The temperature was recorded by a digital thermometer every 10 seconds. DI water was investigated for comparison.

Cellular experiment
-------------------

Hela cells with high CD44 receptor expression were cultured in RPMI-1640 medium with 10% heat-inactivated fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37 °C and 5% CO~2~. For comparative study of cellular uptake, Hela cells were incubated with the two drug free carriers of HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG with different PB concentrations in 6 well-plate (2.0 mL per well) for 4 h, respectively. After washed with PBS three times, Hela cells were digested and counted. The uptake efficiency of the two kinds of NPs was evaluated by measuring the iron level using ICP-OES, respectively. To further study the cellular uptake, Hela cells were seeded in 6-well plates and incubated with HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG at the same PB concentrations concentration of 150 μg/mL (dissolved in fresh medium) for 4 h at the environment of 37 °C and 5% CO~2~. Afterwards, the cells were washed with PBS (pH 7.4) for observation on a fluorescence microscope (Leica, Germany).To visualize the photothermal cytotoxicity, Hela cells were incubated with HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG with the same PB concentration (0.1 mg/mL) in 6 well-plate (2.0 mL per well) for 4 h. After washed with PBS three times, Hela cells were exposed to NIR laser (1 W/cm^2^) for 10 min and then stained with calcein AM and PI, respectively. For further investigation on the cytotoxicity by various treatments, viability of the cells was measured by standard MTT method at a wavelength of 490 nm.

NIR fluorescence imaging
------------------------

50 µg of IRDye® 800CW NHS Ester was firstly reacted with 100 mg of HPBNs\@PAA/PAH in 5mL PBS under mechanical stirring over night. IRDye® 800CW labeled HPBNs\@PAA/PAH was obtained after washed with PBS three times. Afterwards, 40mg of IRDye® 800 CW labeled HPBNs\@PAA/PAH was reacted with 100 mg of HA-g-PEG and mPEG-COOH to form IRDye® 800CW labeled HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG, respectively.

NIR fluorescence imaging was performed on IVIS Imaging Spectrum System (PerkinElmer, USA) and analyzed by IVIS Living Imaging 3.0 software. The tumor bearing nude mice were divided into two groups and intravenously injected with IRDye® 800CW labeled HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG at the same PB dosage of 10 mg/kg (injection volume: 0.1 mL), respectively. The NIR fluorescence images were obtained at different time points. After 24h post-injection, the mice were sacrificed to investigate the fluorescence intensity of the blood and vital organs including heart, liver spleen, lung and brain. All animal procedures were in agreement with institutional animal use and care committee and carried out ethically and humanely.

Elimination of the NPs from the circulation
-------------------------------------------

Health mouse were intravenously injected with HPBNs, HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG NPs at the same PB dose of 10 mg/kg and blood samples (0.2 mL) were collected at different time. The pharmacokinetic parameters of the NPs in bloodstream were finally evaluated by measuring the Fe content in blood via ICP measurements after decomposing the blood samples by aqua regia. All the animal experiments were approved by institutional animal use committee and carried out ethically and humanely.

Animal experiments
------------------

Subcutaneous tumors were created by subcutaneous injection of 5×10^6^ Hela cells in 100 µL PBS buffer onto the back of each mouse. The mice with similar tumor volumes about 100mm^3^ were divided into several groups (n = 7), including the therapy groups and control groups. For PTT treatment, the 808 nm NIR laser was used at the power density of 1 W/cm^2^ for 10 min. Tumor volume were recorded and calculated according to the formula: (tumor length) × (tumor width) ^2^/2.

The toxicity of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG was evaluated on health nude mice. After intravenous injection of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG, body weights of the mice were recorded during 30 days. In addition, several mice were sacrificed at different time points. Blood and major organs including heart, liver, spleen lung and kidney were collected for blood biochemistry assay and histopathology investigation, respectively. Untreated nude mice were used as control.

Statistical Analysis
--------------------

Statistical analyses were performed using Micorcal™ Origin 8.0 (Microcal Software). The results between the different materials were compared using one-way analysis of variance (ANOVA) (\*p \< 0.05 and \*\*p \< 0.01).

Results and Discussion
======================

Preparation and characterization
--------------------------------

The engineering procedure of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs was illustrated in **Figure [1](#F1){ref-type="fig"}**. PVP coated Prussian blue nanoparticles were etched by using hydrochloric acid process, followed by alternative adsorption of PAA and PAH around the surface of the resulted HPBNs via the electrostatic layer-by-layer (LBL) self-assembly approach in combination of chemical crosslinking method. Finally, HA-g-PEG was conjugated onto the nanoparticle surface to ensure good colloidal stability and active tumor targeting.

The zeta potential and size distribution of nanoparticles at different fabrication stages were measured. As shown in **Figure [2](#F2){ref-type="fig"}A**, the zeta potentials decreased from about 8 mV for HPBNs to -21 mV for HPBNs/PAA due to the attachment of negatively charged PAA onto the surface of HPBNs, and then converted to +28 mV after adsorption of PAH, suggesting the successful self-assembly of PAA and PAH layers onto the NPs surface. After conjugating HA-g-PEG, the resulting HPBNs\@PAA/PAH/HA-g-PEG NPs possessed a zeta potential of -17 mV due to the negative charge of the carboxylic groups in HA-g-PEG molecules. The dynamic light scattering (DLS) measurements showed that the nanoparticle sizes increased along with the assembly process. The average hydrodynamic diameter was found to be 84.68 ± 4.37 for HPBNs, 93.44 ± 6.89 nm for HPBNs\@PAA, 105.21 ± 7.12 nm for HPBNs\@PAA/PAH and 119.76 ± 6.57 for HPBNs\@PAA/PAH/HA-g-PEG NPs. The appropriate and uniform size met the requirements of enhanced permeability and retention (EPR) effect in tumor vasculature, favoring the active targeting effect to cancer cells.

As photothermal agents for PTT, the property of strong optical absorption in the NIR region is essential. As shown in **Figure [2](#F2){ref-type="fig"}B**, the UV-vis absorption spectrum of HPBNs\@PAA/PAH/HA-g-PEG NPs exhibited an abroad absorption band in the NIR region from 600 nm to 900 nm with a absorption peak around 700 nm, indicating that HPBNs\@PAA/PAH/HA-g-PEG NPs could be used as a potential photothermal agent for PTT treatment of cancer.

TEM images confirmed that the HPBNs\@PAA/PAH/HA-g-PEG NPs kept the cubical shape of the templating solid PB nanoparticles (**Figure [3](#F3){ref-type="fig"}**). They are uniform and well dispersed. Different from the solid PB nanoparticles, HPBNs\@PAA/PAH/HA-g-PEG NPs possessed apparent cubical interior hollow cavities. N~2~ adsorption-desorption isotherm of HPBNs\@PAA/PAH/HA-g-PEG NPs was measured. As shown in **Figure [S2](#SM1){ref-type="supplementary-material"}**, compared with solid PB nanoparticles with BET surface area of 231 m^2^·g^-1^, HPBNs\@PAA/PAH/HA-g-PEG NPs exhibited a steeply increased BET surface area of 398 m^2^·g^-1^ at very low relative pressure, indicating the formation of mesopores in the nanoparticles. The range of pore-size was from 1.9 nm to 7.8 nm.

Drug loading and passive drug release
-------------------------------------

Due to the sufficient interior hollow cavity for loading drug and the mesoporous channels in the surface for controlled drug release, HPBNs\@PAA/PAH/HA-g-PEG NPs can be operated as an excellent drug delivery platform. The model drug of HCPT was readily loaded into HPBNs\@PAA/PAH/HA-g-PEG NPs through a solvent exchange method. When the mass ratio of HCPT to HPBNs\@PAA/PAH/HA-g-PEG NPs was 1:5, the drug-encapsulation efficiency (EE) was evaluated to be 52% and the loading content (LC) was up to 10.4%. As shown in **Figure [4](#F4){ref-type="fig"}A**, the resulted HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs processed an excellent long-term colloidal stability in plasma due to the introduction of PEG, which could take advantage to avoid the removal by the reticuloendothelial system, increasing the blood circulation time in vivo.

The release pattern of HCPT from HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs was investigated at physiologic condition (37°C, pH 7.4). As seen from **Figure [4](#F4){ref-type="fig"}B**, only about 33 % of HCPT was released from the HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs within 48h. This slow release rate from HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs was attributed to a slow exchange rate between the inner loading drug and the external aqueous medium through the mesoporous channels in the nanoparticle. Such slow passive drug release rate at physiologic condition is advantageous to minimize the toxic and side effect in health tissue by avoiding burst release. Furthermore, it may ensure the high drug accumulation in cancerous tumor although it may take time for tumor cells to take up the nanoagents.

Photothermal effect and triggered drug release
----------------------------------------------

Aqueous dispersions of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs at different concentrations were exposed to an 808 nm NIR laser at the output power of 1.5 W to investigate the photothermal capability.**Figure [4](#F4){ref-type="fig"}C** showed the temperature elevations of different samples during the NIR laser irradiation. It was found that HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs exhibited dramatically elevated temperature during the irradiation of NIR laser. In comparison, no significant temperature elevation was observed in the case of DI water, verifying the excellent photothermal conversion efficiency of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs. In addition, the temperature elevation amplitude increased obviously with the increasing concentration of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs. The nanoagent at the concentration of 0.1 mg/mL and 0.2 mg/mL achieved temperature elevation of 18.0 °C and 24.1 °C, respectively. It is worth noting that irradiation of the nanoagent at 0.1 mg/mL for only 4 min can achieve a temperature elevation of 11.2 °C. It is sufficient for thermal ablation of cancer cells in vivo, suggesting the high potential for in vivo PTT treatment of cancer.

The release pattern of HCPT under laser irradiation was evaluated by repeatedly irradiating HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs over a period of 10 min, followed by 50 min intervals with the laser turned off. A rapid release rate of HCPT was observed during each laser irradiation and the drug release rate slowed down when the laser was switched off (**Figure [4](#F4){ref-type="fig"}D**). With three cycles of laser on/off treatment, the percentage release of HCPT increased to 47.2 % within 180 min, much faster than the passive drug release as shown in **Figure [4](#F4){ref-type="fig"}B**. This result successfully demonstrated a stepwise triggered drug release from HCPT\@HPBNs\@PAA/PAH/HA-g-PEG upon NIR laser irradiation. It was likely attributed to the high autologous photothermal effect of PB, by which the temperature throughout the agent was significantly elevated, resulting in the accelerated dissolution of HCPT in the physiological fluids and the accelerated exchange rate between the internal space of the NPs and external solution environment, leading to the triggered drug release.

Investigation on active tumor targeting and circulation profile
---------------------------------------------------------------

To evaluate the active targeting to Hela cells in vitro, the cellular uptake of HPBNs\@PAA/PAH/HA-g-PEG was investigated quantitatively in comparison with HPBNs\@PAA/PAH/PEG (HA free nanoparticle) by measuring the intracellular iron contents using ICP-MS. As seen from **Figure [5](#F5){ref-type="fig"}A**, both of the two NPs were internalized by Hela cells in a concentration-dependent manner while the iron content in the Hela cells incubated with HPBNs\@PAA/PAH/HA-g-PEG was obviously higher than that of HPBNsHPBNs\@PAA/PAH/PEG incubated cells at all PB concentrations. The cellular uptake of the former was observed to be twice as much as the latter at the PB concentration of 100 µg/mL and 150µg/mL. It indicated the high-efficiency cancer cell targeting of HPBNs\@PAA/PAH/HA-g-PEG. To confirm the cellular uptake of the HPBNs\@PAA/PAH/HA-g-PEG is specific to CD44 receptor, competitive binding experiments were performed by incubating the Hela cells with HPBNs\@PAA/PAH/HA-g-PEG in the presence of excess amount of free HA. It was found that the presence of free HA did not change the cellular uptake of HPBNs\@PAA/PAH/PEG, but significantly diminished the uptake of HPBNs\@PAA/PAH/HA-g-PEG by Hela cell, probably attributed to the competitive binding of free HA to the CD44 receptor on Hela cells. The cellular uptake of HPBNs\@PAA/PAH/HA-g-PEG was investigated in comparison with HPBNs\@PAA/PAH/PEG using fluorescence microscopy after the label of the NPs with IRDye® 800 CW. Upon excitation by the light of 740 nm, both of the NPs exhibited red fluorescence. As shown in **Figure [5](#F5){ref-type="fig"}B**, after incubation for 4 h, Hela cells incubated with HPBNs\@PAA/PAH/HA-g-PEG were significantly brighter than HPBNs\@PAA/PAH/PEG incubated cells. This result indicated that, in comparison with HPBNs\@PAA/PAH/PEG, HPBNs\@PAA/PAH/HA-g-PEG can be internalized more efficiently by Hela cells through endocytosis. Thus, our data provided a strong evidence that HPBNs\@PAA/PAH/HA-g-PEG can be internalized more efficiently by Hela cell through the CD44 receptor mediated active targeting.

The success to use HPBNs\@PAA/PAH/HA-g-PEG for targeting Hela cells in vitro encouraged us to further explore its performance in vivo. After intravenously injection of IRdye 800CW labeled HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG, fluorescence imaging of the mice was performed at different time interval for tracking the NPs in vivo. As shown in **Figure [5](#F5){ref-type="fig"}C**, the fluorescence signal was mainly observed in liver and spleen at 1 h post injection. Nevertheless, at 24 h post injection, the fluorescence signal in the tumor region of HPBNs\@PAA/PAH/HA-g-PEG injected nude mouse was much higher than that of HPBNs\@PAA/PAH/PEG injected mouse, suggesting the high efficiency of tumor targeting of HPBNs\@PAA/PAH/HA-g-PEG. Fluorescence intensities of excised vital organs, blood and tumors were evaluated at 24 h post injection to further validate the tumor-targeting capability of the nanoagents (as shown in **Figure [5](#F5){ref-type="fig"}D**). The distribution of fluorescence intensity reflect that the HPBNs\@PAA/PAH/PEG accumulated mainly in liver and couldn\'t effectively accumulate in the tumor. In contrast, the highest fluorescence intensity was observed in the tumor at 24 h for the HPBNs\@PAA/PAH/HA-g-PEG injected mice. The effective tumor-targeting of HPBNs\@PAA/PAH/HA-g-PEG was attributed to its suitable size and the active ligand of HA on the surface, which enable a perfect combination of CD44 receptor mediated active targeting and passive targeting by EPR effect. Moreover, the introduction of the PEG molecules could inhibit the agent from the removal by the RES, resulting a prolonged blood circulation time for tumor targeting. The excellent tumor-targeting capability of HPBNs\@PAA/PAH/HA-g-PEG is favorable to in vivo cancer therapy.

The blood circulation parameters of HPBNs, HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG were investigated by measuring the Fe content in blood via ICP measurement by intravenously administrated with the agent at the same PB dosage of 10mg/kg. Parameters including elimination half-life (T~1/2~), mean residence time (MRT) and area under the plasma concentration-time curve from zero to time infinity (AUC~0-∞~) were evaluated using the KineticaTM soft-ware package (version 5.0, Thermo Fisher Scientific Inc., MA, USA). As seen in **Table [1](#T1){ref-type="table"}**, the blood half-life, MRT and AUC~0-∞~of HPBNs were calculated to be 5.6 h, 6.89 h and 398.42 h·mg/L. Due to the pegylation, HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG displayed longer blood circulation time than HPBNs. T~1/2~, MRT and AUC~0-∞~ were calculated to be 8.7 h, 9.84 h and 502.47 h·mg/L for HPBNs\@PAA/PAH/PEG and 8.3 h, 9.67 h and 478.42 h·mg/L for HPBNs\@PAA/PAH/HA-g-PEG. Thus, it provided evidence that HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG can maintain long circulation time due to the introduction of PEG chains.

In vitro photothermal cytotoxcities
-----------------------------------

The targeted killing effect on Hela cells was evaluated in term of the photothermal therapy using HPBNs\@PAA/PAH/HA-g-PEG, chemotherapy using HCPT\@HPBNs\@PAA/PAH/HA-g-PEG and the combined thermochemotherapy using HCPT\@HPBNs\@PAA/PAH/HA-g-PEG and NIR laser irradiation in comparison with the HA free nanoagent, respectively. The biocompatibility of HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG to Hela cells were evaluated before the investigation of their therapeutic potential. **Figure [S3](#SM1){ref-type="supplementary-material"}** revealed that both of them showed almost no toxicity to Hela cells even at the high concentration of 200 μg/mL, indicating their reliable biosafety.

To visualize the photothermal cytotoxcities, Hela cells were incubated with HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG for 4 h, respectively. After washing with PBS buffer, Hela cells were irradiated by an 808 nm NIR laser at 1 W/cm^2^ for 10 min. The treatments with agent only and laser only were also implemented as controls. Calcein AM and PI staining were used for assessment of cellular viability as shown in **Figure [6](#F6){ref-type="fig"}**. Upon treatment with either the agent or laser alone, Hela cells presented entire vivid green fluorescence, demonstrating the good survival of the cells. On the contrary, red fluorescence represented the death of Hela cells was observed upon treatment with both agents and laser. Upon laser irradiation, the Hela cells incubated with HPBNs\@PAA/PAH/PEG showed a partial red fluorescence while the Hela cells incubated with HPBNs\@PAA/PAH/HA-g-PEG exhibited an entire red fluorescence. It indicated that the introduction of HA targeting molecules into the nanoagent resulted in remarkably higher photothermal cytotoxcity at the same PB concentration.

Hela cells were incubated with HCPT\@HPBNs\@PAA/PAH/HA-g-PEG, HCPT\@HPBNs\@PAA/PAH/PEG and free HCPT at various drug concentrations for 48 and 72 h, respectively. As shown in **Figure [7](#F7){ref-type="fig"}A**, the IC50 values of the HCPT\@HPBNs\@PAA/PAH/HA-g-PEG treated Hela cells were evaluated to be 500 nM for 48 h and 161 nM for 72 h, significantly lower than that of HCPT\@HPBNs\@PAA/PAH/PEG (1363 nM for 48 h and 892 nM for 72 h) and free HCPT (1450 nM for 48 h and 987 nM for 72 h), respectively. The increased chemocytotoxicity was attributed to the CD44 receptor mediated high-efficient uptake of the HA modified nanoagent.

To investigate the in vitro synergetic effect of photothermal therapy and chemotherapy using HCPT\@HPBNs\@PAA/PAH/HA-g-PEG, MTT assay was used to evaluate the cellular viabilities at 24 h after the treatments with the HCPT loaded (or free) agents at different concentrations with or without laser irradiation. As seen from **Figure [7](#F7){ref-type="fig"}B**, all of the therapies showed an increasing inhibition rate against Hela cells in a dose-dependent manner. At the highest dosage, the cellular viability decreased to 55.6 % for HCPT\@HPBNs\@PAA/PAH/HA-g-PEG only (HCPT concentration: 3 µg/mL), 34.1% for HPBNs\@PAA/PAH/HA-g-PEG + laser and 11.67 % for HCPT\@HPBNs\@PAA/PAH/HA-g-PEG (HCPT concentration: 3 µg/mL) + laser. These results demonstrated that the combination of chemotherapy and photothermal therapy through HCPT\@HPBNs\@PAA/PAH/HA-g-PEG could significantly improve the potential for target cancer cell killing compared with either therapy alone.

In vivo tumor therapy
---------------------

In vivo tumor therapy was investigated on Hela tumor-bearing nude mice. Eight groups of mice with average tumor size of 100 mm^3^ were treated with saline only, laser only, HPBNs\@PAA/PAH/PEG only, HPBNs\@PAA/PAH/HA-g-PEG only, HCPT\@HPBNs\@PAA/PAH/HA-g-PEG only, HPBNs\@PAA/PAH/PEG + laser, HPBNs\@PAA/PAH/HA-g-PEG + laser, HCPT\@HPBNs\@PAA/PAH/HA-g-PEG + laser, respectively. According to the result of NIR fluorescent tracking study, laser irradiation was performed at 24 h after the intravenous injection of different agents at the dose of 10 mg/kg, ensuring the high accumulation of the nanoagents in tumor tissue.

During the laser treatment, temperature changes in the tumor region were acquired by both infrared thermal imager and thermometer. As seen from **Figure [8](#F8){ref-type="fig"}A and Figure [S4](#SM1){ref-type="supplementary-material"}**, compared with the constant tumor temperature (37.1 °C) in saline treated nude mouse, the temperature of tumor increased to 43.0 °C and 53 ^o^C for the HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG injected nude mice under NIR laser exposure, respectively. The higher elevated tumor temperature in the HPBNs\@PAA/PAH/HA-g-PEG treated nude mouse indicated that HPBNs\@PAA/PAH/HA-g-PEG could accumulate in the tumor by the high-efficient active tumor targeting and the temperature was high enough to ablate tumors in vivo.

Both tumor photographs and tumor volume were measured to evaluate the corresponding therapeutic outcome after different treatments (**Figure [8](#F8){ref-type="fig"}B and [8](#F8){ref-type="fig"}C**). It was found that the tumors grew at a similar growth rate and tumor volume increased rapidly from original 100 mm^3^ to approximately 750 mm^3^ within 18 days in the mice treated with saline only, HPBNs\@PAA/PAH/HA-g-PEG only, HPBNs\@PAA/PAH/PEG only and laser only. These results indicated that laser irradiation or the HCPT free agents alone at the experimental condition did not cause potential destructive effects. Compared with the saline only group, it is obvious that the tumor growth was inhibited to different extent in the agent + laser groups and the HCPT\@HPBNs\@PAA/PAH/HA-g-PEG only group. The tumor size in the HPBNs\@PAA/PAH/PEG+laser group increased to about 473 mm^3^, suggesting an insufficient hyperpyrexia for ablating tumor due to the lower accumulation of HPBNs\@PAA/PAH/PEG in tumor tissue through a passive targeting. Nevertheless, the tumor size of mice treated with HPBNs\@PAA/PAH/HA-g-PEG in combination of laser irradiation almost kept constant at about 100mm^3^ within 18 days, implying an efficient photothermal ablation effect to inhibit tumor growth because of the greatly improved uptake of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG by tumor cells through an active-targeting. As expected, the tumor growth was inhibited in the mice treated with HCPT\@HPBNs\@PAA/PAH/HA-g-PEG only and the tumor size was 413 mm^3^. More excitingly, the tumor size decreased rapidly from original 100 mm^3^ to 15 mm^3^ within 18 day after the treatment with HCPT\@HPBNs\@PAA/PAH/HA-g-PEG in combination of laser irradiation. These results demonstrated that the combined thermochemotherapy was more cytotoxic to tumor cells than the PTT treatment or the chemotherapy alone. The main cause of the synergistic thermochemotherapy is as follows: Firstly, the photothermal effect can greatly enhance the sensitivity of the cancer cells toward anti-cancer drug, resulting in the improved drug efficacy. In addition, the photothermal effect can also trigger a rapid drug release to achieve a high effective drug concentration in the tumor. Therefore, HCPT\@HPBNs\@PAA/PAH/HA-g-PEG could be operated as a powerful thermochemotherapy agent for in-vivo therapy of cancer.

3.7 Toxicology {#Section3.7}
--------------

The in vivo toxicity of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG was evaluated in term of body weight change, histological examination and serum biochemistry assays on health nude mice after the injection of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG at a dose of 10mg/kg, which was equal to the therapy dose. Compared with untreated mice, no significant body weight loss and apparent histological injury were observed in HCPT\@HPBNs-HA-PEG injected mice (**Figure [9](#F9){ref-type="fig"}A and [9](#F9){ref-type="fig"}B**). Serum biochemistry assay results showed that hematological parameters including white blood cells (WBC), red blood cells (RBC), platelets (PLT) and neutrophile granulocyte (GRN) in HCPT\@HPBNs\@PAA/PAH/HA-g-PEG injected mice nearly have no change compared with untreated nude mice (**Table [2](#T2){ref-type="table"}**). Overall preliminary results confirmed that HCPT\@HPBNs\@PAA/PAH/HA-g-PEG was not noticeably toxic to nude mice, suggesting the security for medical applications.

Conclusions
===========

A well-designed multifunctional nanoagent of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG has been successfully constructed by integrating different components including hollow PB nanoparticle as photothermal agent and drug carrier, HCPT as chemotherapeutic agent, and HA-g-PEG as capping agent for prolonged blood circulation time and CD44 receptor mediated tumor targeting into one single agent. In vitro cellular uptake and in vivo NIR fluorescence imaging confirmed that HCPT\@HPBNs\@PAA/PAH/HA-g-PEG held a great potential for tumor-specific targeting. Under the irradiation of NIR laser, HCPT\@HPBNs\@PAA/PAH/HA-g-PEG exhibited excellent photothermal efficiency and light triggered drug release, resulting in significantly high inhibition effect on cancer cells. Both in vitro and in vivo experiments showed that the combination of chemotherapy and photothermal therapy through HCPT\@HPBNs\@PAA/PAH/HA-g-PEG could offer a synergistically improved therapeutic efficacy compared with either therapy alone. In addition, PB nanoparticles and their derivatives have been reported to be contrast agents to enhance photoacoustic imaging and multimodal imaging. Therefore, the obtained nanoagent could operate as a very promising theranostic nanomedicine to be capable of noninvasive imaging and remote-controlled therapy.
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![Engineering procedure (A) and functional description (B) of hyaluronic acid grafting polyethylene glycol modified hollow Prussian blue nanoparticles loading 10-hydroxycamptothecin for tumor-targeted thermochemotherapy.](thnov06p0040g001){#F1}

![(A) Zeta potentials of the nanoparticles at different fabrication stages: HPBNs, HPBNs\@PAA, HPBNs\@PAA/PAH and HPBNs\@PAA/PAH/HA-g-PEG NPs. (B) UV/vis absorption spectrum of HPBNs\@PAA/PAH/HA-g-PEG NPs.](thnov06p0040g002){#F2}

![TEM image: (A) Solid Prussian blue nanoparticles; (B) HPBNs\@PAA/PAH/HA-g-PEG NPs; (C) Nanoparticles at different fabrication stages.](thnov06p0040g003){#F3}

![(A) HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs suspended in plasma for different time; (B) In vitro release pattern of HCPT from HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs at 37^o^C and pH 7.4; (C) Temperature elevations of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs at different concentrations under NIR laser irradiation (808 nm, 1.5 W); (D) HCPT release profile from HCPT\@HPBNs\@PAA/PAH/HA-g-PEG NPs with three cycles of laser on/off. All release studies were performed in triplicate.](thnov06p0040g004){#F4}

![(A) Iron content in Hela cells after incubated with HPBNs\@PAA/PAH/PEG, HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/HA-g-PEG + free HA. (B) Fluorescence microscopy images of Hela cells after incubation with HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG and at the PB concentration of 150 μg/mL for 4h: bright field image (1) and fluorescence image (2) of HPBNs\@PAA/PAH/HA-g-PEG treated Hela cells, bright field image (3) and fluorescence image (4) of HPBNs\@PAA/PAH/PEG treated Hela cells. (C) Fluorescence images of mice bearing Hela tumor at different time points after intravenous injection of IRdye CW800 labeled HPBNs\@PAA/PAH/HA-g-PEG and HPBNs\@PAA/PAH/PEG, respectively. (D) Fluorescence intensity of tumor and main organs in tumor bearing mice after 24 h injection of above two different NPs, respectively. \*\*: p \< 0.01.](thnov06p0040g005){#F5}

![Fluorescence microscopy images of Hela cells stained with calcein AM and PI upon different treatments.](thnov06p0040g006){#F6}

![(A) IC50 of Hela cells after treating with free HCPT and the HCPT loaded nanoagents. (B) Viability of Hela cells determined by MTT method after treating with HCPT\@HPBNs\@PAA/PAH/HA-g-PEG only, HPBNs\@PAA/PAH/HA-g-PEG + laser and HCPT\@HPBNs\@PAA/PAH/HA-g-PEG + laser. \*: p \< 0.05 and \*\*: p \< 0.01.](thnov06p0040g007){#F7}

![(A) IR thermal images of Hela tumor-bear mice at different time intervals under the 808-nm laser irradiation (0.8 W/cm^2^). (B) The representative tumor photographs of each group were recorded before and after treatment: (1) saline group before therapy; (2) saline group at 18 day after therapy, (3) HCPT@ HPBNs\@PAA/PAH/HA-g-PEG group before therapy; (4) HCPT@ HPBNs\@PAA/PAH/HA-g-PEG group at 18 day after therapy, (5) HPBNs\@PAA/PAH/HA-g-PEG + laser group before therapy; (6) HPBNs\@PAA/PAH/HA-g-PEG + laser group at 18 day after therapy, (7) HCPT\@HPBNs\@PAA/PAH/HA-g-PEG + laser group before therapy; (8) HCPT\@HPBNs\@PAA/PAH/HA-g-PEG + laser group at 18 day after therapy. (C) The growth of Hela tumors in nude mice after various treatments.](thnov06p0040g008){#F8}

![(A) Body weight curves of the mice for 30 days with or without a single intravenous injection of HCPT\@HPBNs\@PAA/PAH/HA-g-PEG at the dosage of 10 mg/kg. (B) Histological examination for mice treated with HCPT\@HPBNs\@PAA/PAH/HA-g-PEG at the dose of 10 mg/kg. Untreated healthy mice were used as the control. Scale bar = 50 μm.](thnov06p0040g009){#F9}

###### 

Blood circulation parameters of HPBNs, HPBNs\@PAA/PAH/PEG and HPBNs\@PAA/PAH/HA-g-PEG.

  Nanoparticles             Injection dose   Half-life   MRT      AUC~0-∞~
  ------------------------- ---------------- ----------- -------- ---------------
  HPBNs                     10mg/kg          5.6 h       6.89 h   398.42 h·mg/L
  HPBNs\@PAA/PAH/PEG        10mg/kg          8.7 h       9.84 h   502.47 h·mg/L
  HPBNs\@PAA/PAH/HA-g-PEG   10mg/kg          8.3 h       9.67 h   478.42 h·mg/L

###### 

Blood biochemical indexes.

                   Untreated mice   HCPT\@HPBNs\@PAA/PAH/HA-g-PEG injected mice (10 mg/kg)                  
  ---------------- ---------------- -------------------------------------------------------- -------------- --------------
  WBC (10^9^/L)    12.26 ± 2.37     12.99 ± 1.91                                             12.88 ± 1.21   11.96 ± 1.44
  RBC (10^12^/L)   9.467 ± 2.55     8.97 ± 1.49                                              9.98 ± 1.94    9.21 ± 1.14
  PLT (10^12^/L)   0.65 ± 0.14      0.61 ± 0.12                                              0.63 ± 0.09    0.67 ± 0.13
  GRN (10^9^/L)    4.21 ± 0.53      4.64 ± 0.72                                              4.34 ± 0.48    4.70 ± 0.25
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